INTRODUCTION
Brown adipose tissue (BAT) 4 is currently considered as a potential preventive and therapeutic target for the combat against obesity and its related metabolic diseases because of its high metabolic capacity. It is now well established that BAT is functional in human adults (1, 2) and that it could contribute to coldinduced thermogenesis (CIT) (3) (4) (5) (6) . Indeed, BAT is well known for its role in maintaining thermal homeostasis in small rodents and infants during cold challenges (7) . However, in addition to its thermoregulatory function, BAT may also be involved in maintaining energy balance. Interestingly, it has been shown that coldinduced BAT activity is lower in obese people (1, 6, 8) .
It was originally believed that deletion of uncoupling protein-1, which is crucial for heat production, did not induce obesity in mice spontaneously. However, a recent study showed that these mice do develop obesity during thermoneutral conditions (9) . Uncoupling protein-1-ablated mice are more susceptible to obesity during overfeeding because of a high metabolic efficiency, which indicates that a greater fraction of the ingested energy is saved in body energy stores (9) . In contrast, wild-type rodents have a lower metabolic efficiency because BAT wastes excessive caloric intake, as shown by increased BAT recruitment and enhanced norepinephrine-induced thermogenesis during high-fat feeding and voluntary overeating (9, 10) . It was believed that this decrease in metabolic efficiency during overfeeding was a result of nutrient-deficient or unbalanced diets. In 1999, Stock explored this theory in humans, and in his reanalysis of 12 overfeeding studies he showed that overfeeding lowprotein diets resulted in a lower weight gain than expected based on caloric intake and hypothesized that this was because of increased thermogenesis and thus possibly via BAT activation (11) . The role of BAT in maintaining energy balance is, however, not generally supported (12) .
In addition to this adaptive response of BAT on long-term overfeeding nutrient-deficient diets, single meals are also known to induce an increase in thermogenesis, known as diet-induced thermogenesis (DIT), and comprises an obligatory and a facultative part (13) . The obligatory component of DIT includes the required energy needed for digestion, absorption, distribution, and storage of the nutrients, whereas the facultative part wastes a fraction of the ingested energy as heat (14) . Several rodent studies have demonstrated that a single meal leads to BAT activation (15) (16) (17) (18) (19) (20) , and moreover that cold-acclimated animals have increased DIT (21) . Therefore, these rodent data suggest that even after a single meal, BAT can be activated to waste a part of the energy intake as heat. Again, such evidence is lacking in humans. Here we set out to investigate whether a single meal is able to activate BAT in humans. Because it is thought that the sympathetic nervous system (SNS) plays an important role in facultative DIT, and because it is known from human studies that of all macronutrients carbohydrates are the most potent SNS stimulators (14) , we tested the effects of a high-calorie, high-carbohydrate meal on BAT activity in humans and compared this with cold-activated BAT activity as a positive control.
SUBJECTS AND METHODS

Subjects
Eleven healthy lean men [age: 23.6 6 2.1 y; BMI (in kg/m 2 ): 22.4 6 2.1] were recruited by advertising in the Maastricht University Medical Centre+. All subjects provided written informed consent and underwent a standard medical examination. The local medical ethical committee approved the study protocol, and all subjects were treated according to the Declaration of Helsinki of 1975, as revised in 1983.
Study design and measurements
BAT activity was determined during 2 experimental conditions, after the intake of a high-calorie meal and during mild cold exposure. The mild cold experiment was conducted in 6 of 11 subjects and served as a positive control. The experiments were conducted in Maastricht (Netherlands) from September through December, with outside temperatures varying between 0 and 208C. Subjects arrived in the morning after an overnight fast and were asked to refrain from heavy exercise on the previous day. After their arrival, the subjects ingested a telemetric pill (HT150002; CoreTemp) for core temperature measurement, and a cannula was inserted in the antecubital vein for blood sampling. Subsequently, the subjects were equipped with wireless temperature sensors (iButtons, Maxim integrated) at the 14 sites prescribed by International Standards Organization standard 9886:2004 (Ergonomics-Evaluation of thermal strain by physiologic measurements, Geneva, Switzerland), a heart rate monitor across the chest (Polar T31), and a blood pressure cuff on the left upper arm (Cresta) to measure skin temperatures, heart rate, and blood pressure, respectively. Laser Doppler probes were attached for skin perfusion measurements at the ventral side of the hand at the base of the thumb, at the ventral side of the hallux (Perimed PF4000), at the ventral side of the forearm halfway between the elbow and the wrist, and at the abdomen halfway between the umbilicus and the left lateral side of the body (Perimed PF5000). Subjects were measured in a specially equipped air-permeable tent (Colorado altitude training), in which ambient temperature could be tightly controlled. During the measurements, subjects wore standardized clothing (0.49 clo).
The meal intake experiment started with a baseline measurement of 45 min (Figure 1 ), after which each subject ingested a high-calorie (average: 1622 6 222 kcal), carbohydrate-rich (78% carbohydrate, 10% fat, and 12% protein) meal consisting of 50% of their daily required energy intake. The subject's total daily required energy intake was based on the basal metabolic rate determined by the Harris and Benedict formula (22) multiplied by the physical activity level, which was based on the Baecke Questionnaire (23). The meal was served by the researcher in a liquid form (Nutriprotein and Nutrical; Nutricia) to obtain maximal uptake rate in the gastrointestinal tract. After the subjects finished the meal (within 15 min), energy expenditure was measured for 2 h. The [ 18 F]fluorodeoxyglucose (FDG) tracer (50 MBq, 1.35 mCi) was injected 75 min after the completion of the meal, because pilot studies (n = 6) in our laboratory showed the highest peak in postprandial energy expenditure at this time point, assuming maximal BAT activity. For the analysis of postprandial energy expenditure, a stable period of 20 min after the tracer injection was averaged. DIT was measured as the increase (in percentage) in energy expenditure during these 20 min compared with baseline. This period was chosen to relate DIT to BAT activity, because the latter is determined in the posttracer period as well. Blood samples were drawn during baseline and 30, 60, and 120 min after the meal. The subjects were transferred to the positron emission tomography (PET) computed tomography (CT) scanner (Gemini TF PET-CT; Philips) 1 h after the tracer injection in both experiments to measure BAT activity. Although we are aware that [ 18 F]FDG uptake measures glucose uptake, and not BAT oxidative metabolism and thermogenesis directly, we used BAT activity and [ 18 F]FDG uptake as reciprocal terms. The mild cold experiment consisted of a baseline measurement of 45 min, followed by 2 h of mild cold exposure in which we used a personalized cooling protocol (24) to obtain maximal nonshivering thermogenesis. We used the same posttracer period as in the meal experiment for cold-induced energy expenditure analysis. CIT was defined as the percentage increase in energy expenditure during this period compared with baseline. The [ 
PET protocol and analysis
The PET-CT scanning protocol and analysis were similar to those in our previous studies using static imaging (24) , in which a low-dose CT scan (120 kV, 30 mAs) preceded the PET scan. The PET scan was used to determine FDG uptake, and the CT image was used for attenuation and scatter correction of the PET scan. We used PMOD software (version 3.0; PMOD Technologies) for the analysis of BAT activity. The PET images were checked for remaining radioactivity at the injection site, and these concentrations were all ,1% of the total activity of [ Together, the researcher and a nuclear-medicine physician (BB) analyzed the PET-CT images. We analyzed the average standard uptake value (SUV mean ) in the cold and meal experiment in supraclavicular BAT, subcutaneous and visceral white adipose tissue (WAT), skeletal muscle, liver, and brain. The SUV mean of each tissue was calculated by selecting cubes as volume of interests on the relevant tissues. The same anatomic locations were used in the analysis of both experiments. The SUV mean of BAT was measured in the supraclavicular fat area (total volume: 2.67 cm 3 ). To determine the average [ 18 F]FDG uptake in the deltoid muscle and the triceps and biceps brachii muscle, we analyzed the middle (thickest) part of these muscles in both arms. The uptake in the erector spinae muscle was measured in the cervical (C-7), thoracic (T-8), and lumbar (L-3) part of the muscle (total volume in muscle: 32 cm 3 ). The subcutaneous WAT was measured in the dorsolumbar region near vertebrae L-3 and L-4 (8 cm 3 ), whereas the visceral WAT was measured behind the xiphoid (0.14 cm 3 ). The middle part of the liver was chosen for analysis, and we avoided uptake in large blood vessels by carefully distinguishing between the liver segments (4 cm 3 ). Brain activity was measured in the right and left cerebellum (8 cm   3 ). Adipose tissue was distinguished from muscle tissue by means of Hounsfield units (CT scan), in which adipose tissue was considered to lie within 210 to 2180 Hounsfield units and skeletal muscle between 15 and 100 Hounsfield units.
Blood analysis
Blood was collected from the antecubital vein to measure several blood variables. Plasma concentrations of free fatty acids (NEFA-HR set; Wako Chemicals), free glycerol (Glycerol kit; R-Biopharm), total glycerol (ABX Triglyceriden CP; Radiometer), and glucose (ABX Glucose HK CP; Radiometer) were measured on a COBAS FARA centrifugal spectrophotometer (Roche Diagnostica). Plasma triglyceride concentrations were calculated by subtracting free glycerol from the total glycerol concentrations, and serum insulin was analyzed on a Gamma Counter (2470 Automatic Gamma Counter Wizard 2 Wallac; PerkinElmer) with a Human Insulin specific RIA kit (Millipore). Plasma norepinephrine and adrenaline were analyzed by using reagents from Recipe Chemicals and Instruments with HPLC through electrochemical detection.
Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics18.0 for Macintosh. Reported data are expressed as means 6 SDs. The differences between baseline and cold exposure were compared with a Wilcoxon's test (n = 6). Paired-sample t tests were used to compare the difference between baseline and dietary intake (n = 11). The SUV mean values for the various tissues in the cold and meal experiment were compared with a Wilcoxon's test (n = 6). Blood variables within the meal experiment were analyzed by one-factor ANOVA with Bonferroni correction for post hoc analysis. Spearman rank correlation (n = 6) and Pearson correlation (n = 11) were performed to identify relations between variables. P values ,0.05 were considered statistically significant.
RESULTS
Cold-and diet-induced thermogenesis
Energy expenditure significantly increased in the postprandial phase compared with baseline (P , 0.001; Figure 2A) , with an average DIT of 19.9% (range: 6.9-31.3%). During cold exposure, energy expenditure significantly increased from baseline as well (P = 0.028; Figure 2A) , with an average CIT of 13.1% (range: 7-17.1%). No relation was found between CIT and DIT (n = 6). As expected, the respiratory quotient significantly increased after the meal (P , 0.001; Figure 2B ). Furthermore, carbohydrate oxidation increased after the meal (P , 0.001; Figure 2C ), whereas fat oxidation decreased (P = 0.027; Figure  2D ). During cold exposure, there was a preference for the use of fat as a substrate as shown by the decrease in respiratory quotient (P = 0.041) and increase in fat oxidation (P = 0.028). The oxidation of carbohydrates decreased during cold exposure (P = 0.046). The effects of both interventions on heart rate, blood pressure, and body temperatures are summarized in Table 1 .
Glucose uptake in brown adipose tissue and additional tissues Figure 3A, 3B) . Also during cold exposure, [ 18 F]FDG uptake was similar in BAT (7.19 6 2.09 SUV mean ) and brain (7.19 6 0.74 SUV mean ) ( Figure 3D ). Uptake of [ 18 F]FDG in BAT was significantly higher than that in skeletal muscle (0.59 6 0.07 SUV mean ; P = 0.028), subcutaneous WAT (0.18 6 0.05 SUV mean ; P = 0.028), visceral WAT (0.51 6 0.23 SUV mean ; P = 0.028), and the liver (1.83 6 0.28 SUV mean ; P = 0.028).
Comparison of the meal with cold exposure showed that [
18 F] FDG uptake in BAT (P = 0.028), liver (P = 0.028), and brain (P = 0.043) were significantly lower during the meal experiment than during the cold exposure ( Figure 3E ), whereas skeletal muscle uptake was significantly higher during the meal experiment (P = 0.028). This reflects the well-known role of skeletal muscle in postprandial glucose homeostasis. [ Figure 3A) . Normally, glucose uptake/ metabolism is held fairly constant in the brain, because glucose is the brain's major fuel. We therefore hypothesized that this tracer competition might have underestimated true glucose uptake in BAT. To correct for this, we also expressed the SUV mean in the tissues as a percentage of total [ 18 F]FDG uptake in the cerebellum ( Figure 3F ) (25) . We chose the cerebellum as a representative brain region because it was shown previously that cold exposure does not affect metabolism in the cerebellum (26) , and the cerebellum is the most reliable reference area in the brain during mild hyperglycemic conditions (25) . As shown in FIGURE 2. Mean (6SD) energy expenditure (A), RQ (B), CHO oxidation (C), and fat oxidation (D) during baseline (white bars) and the intervention (black bars) in the postprandial state (n = 11) and during cold exposure (n = 6) measured during the posttracer period. Wilcoxon's signed-rank tests were used to measure the difference between both experiments. *Significantly different from baseline, P , 0.05. **Significantly different from baseline, P , 0.001. CHO, carbohydrate; EE, energy expenditure; RQ, respiratory quotient; VO2, oxygen consumption; VCO2, carbon dioxide consumption. F]FDG uptake in the cerebellum was set at 100%, because brain glucose uptake was expected to be constant during both interventions. Wilcoxon's signed-rank tests were used to determine the differences in [ 18 F]FDG uptake between the cold and meal experiments (n = 6,
]FDG uptake (current study) with the uptake in the fasted state during thermoneutral conditions measured in a previous study (n = 3) (1). * , **Significantly different from BAT: *P , 0.05, **P , 0.001. state than during the fasted thermoneutral (FTN) conditions (meal: 1.65 6 0.99; FTN: 0.51 6 0.05 SUV mean ; P = 0.024; Figure 3G ), which confirmed an increase in postprandial BAT glucose uptake. Furthermore, postprandial [ 18 F]FDG uptake in skeletal muscle was higher (meal: 1.36 6 0.31 SUV mean ; FTN: 0.54 6 0.07 SUV mean ; P = 0.01), whereas uptake in the liver was lower (meal: 0.95 6 0.28 SUV mean ; FTN: 1.62 6 0.36 SUV mean ; P = 0.024) than in the FTN conditions. Unfortunately, we could not obtain the [ We also analyzed the relations between BAT and energy expenditure in both experiments. Interestingly, a significant relation was found between CIT and cold-induced BAT activity (r = 0.83, P = 0.042; n = 6). However, no association was found between postprandial BAT activity and DIT (r = 0.11, NS; n = 11). Finally, we found no relation between cold-induced BAT activity and postprandial BAT activity (r = 20.49, NS; n = 6).
Hormones, metabolites, and cold acclimatization
As expected, the intake of the carbohydrate-rich meal significantly suppressed lipolysis already after 30 min, as shown by the decrease in plasma free fatty acid (P , 0.001) and free glycerol (P = 0.031) concentrations, and remained significantly suppressed during the entire experiment. The meal significantly increased plasma glucose concentrations at all time points (P , 0.001) and plasma insulin concentrations (30 min: P = 0.004; 60 and 120 min: P , 0.001). Norepinephrine concentrations tended to increase after the meal (P = 0.10). In contrast, cold exposure increased lipolysis, as evidenced by an increase in free fatty acids (P = 0.028) and free glycerol concentrations ( Table 2) . Furthermore, plasma norepinephrine concentrations increased significantly during cold exposure (P = 0.028), which suggested increased sympathetic norepinephrine spill over. We found no correlation between postprandial norpinephrine concentrations and both BAT activity and DIT. In addition, no correlation was found between norpinephrine and cold-induced BAT activity and thermogenesis. We found a relation between plasma insulin concentrations (AUC) and BAT activity (r = 0.61, P = 0.045), whereas no relation was found between plasma glucose concentrations (AUC) and BAT activity (r = 20.08, P = 0.812).
Interestingly we observed a negative relation between the average outdoor temperatures during the 2 wk previous to the experiment (obtained from a local weather station) and postprandial [ 18 F]FDG uptake in BAT (r = 20.72, P = 0.012; Figure  4A ), subcutaneous WAT (r = 20.60, P = 0.046; Figure 4B ), and visceral WAT (r = 20.83, P = 0.002; Figure 4C ).
DISCUSSION
We showed postprandial glucose uptake in BAT in lean young men. We found that the average [ 18 F]FDG uptake in BAT after a high-calorie, carbohydrate-rich meal was higher than that in WAT and the liver. In fact, [
18 F]FDG uptake in BAT tended to be higher than that in skeletal muscle, which is well known for its role in postprandial glucose homeostasis, but was comparable with that in the brain. Furthermore, [ 18 F]FDG uptake in BAT during the postprandial state was significantly higher than that during the fasted state (during thermoneutral conditions) in a previous study (1) . These results indicate that a single meal may be able to activate human BAT.
The absolute magnitude of postprandial BAT activity was lower than that of cold-induced BAT activity, which agrees with the findings in rodent studies (7) . However, postprandial BAT activity may have been underestimated because of the high tracer uptake in skeletal muscle, thereby diminishing tracer bioavailability for other tissues. This was clearly illustrated by a decrease in [ 18 F]FDG uptake in the cerebellum, which glucose uptake/metabolism was expected to be constant during both experimental conditions. This unexpected decrease in [ Thus far, an effect of meal consumption on BAT activity in humans has not been studied directly. A recent study in humans examined the effects of a high-fat meal on BAT activity; however, these measurements were combined with cold exposure (28) . [ 18 F]FDG uptake in BAT on cold exposure was higher when subjects were in the fasted state than in the fed (high-fat) state. Although these results seem contrary to our findings, they were confounded by high glucose uptake in skeletal muscle after the high-fat meal, which precludes separation of the effects of cold from the effect of meal on BAT activity. In fact, the authors also concluded that the lower uptake in BAT was likely a result of tracer dilution by skeletal muscle. They did not measure uptake in the brain, although the PET image depicted in their study indicates reduced postprandial brain [ 18 F]FDG uptake compared with cold exposure. The advantage of our study was that we did not combine the postprandial study with cold exposure in one single experimental test, which allows us to directly test the effect of a single meal on BAT activity.
Another human study investigated the effects of insulin infusion (hyperinsulinemic euglycemic clamp) on glucose uptake in BAT (in a warm environment) and found that the uptake rate was higher than that in WAT and comparable with that in skeletal muscle, which indicated that BAT is an insulin-sensitive tissue (5) . In contrast with cold exposure, they did not find increased BAT perfusion, which shows that insulin by itself does not induce BAT thermogenesis, for which BAT perfusion is an indirect measure. Furthermore, they did not find increased plasma norepinephrine concentrations, which suggests no sympathetic stimulation by insulin. Whether, in the current study, glucose uptake in BAT reflected BAT thermogenesis or solely insulinmediated glucose uptake without concomitant heat production could not be determined. Interestingly, we found a relation between plasma insulin concentrations and BAT activity, which indicated a likely role for insulin in mediating BAT glucose uptake and possibly thermogenesis.
In rodents, experiments have repeatedly shown BAT activation after single meals. It has been shown that a single meal increases mitochondrial uncoupling (15) and blood flow (18) in BAT and oxygen consumption in vitro (19, 20) . This is likely regulated via the SNS, because norpinephrine concentrations and turnover also increased after a single meal (17) . In the current study, norpinephrine concentrations tended to increase after the meal, which suggests postprandial sympathetic stimulation. We, however, did not find a relation between postprandial [ ]FDG PET/CT scanning merely measures glucose uptake, it would be tempting to suggest that the meal induced BAT thermogenesis. However, we found a relation between BAT activity and DIT. Note that the potential contribution of BAT to the facultative part of DIT is difficult to detect via whole-body energy expenditure (29) . Unfortunately, we were not able to distinguish between the facultative and obligatory part of DIT in the current experiment. With respect to cold exposure, we did find a correlation between BAT activity and CIT, which has been shown previously (3, 5, 6) , although not consistently (1, 24) .
Interestingly, we found a relation between postprandial BAT activity and the outdoor temperature averaged over 2 wk previous to the experiment. This was likely a result of adaptation of BAT to long-term cold exposure (ie, cold acclimatization). This could suggest that the contribution of BAT to postprandial thermogenesis may be enhanced by cold acclimatization, which has been shown in rats (21) . It could thus be speculated that BAT most likely contributes to postprandial glucose uptake and possibly to thermogenesis during cold seasons.
In conclusion, glucose uptake in BAT increases after a single meal in humans, which indicates a role for BAT in reducing metabolic efficiency. However, we found no direct relation between BAT activity and DIT. The quantitative contribution of BAT to DIT, as well as its role in energy balance regulation, remains to be investigated in future research. It would also be important to determine whether postprandial BAT activity is lower in overweight and obese subjects.
